Abstract Immunoglobulin A nephropathy (IgAN) is a primary glomerulonephritis of common incidence world-wide whose etiology and pathogenesis remain unresolved, although genetic factors are assumed to be involved in the development and progression of this disease. To identify genetic variations that might confer susceptibility to IgAN, we performed a case-control association study involving 389 Japanese IgAN patients and 465 controls. Genome-wide analysis of approximately 80,000 single-nucleotide polymorphisms (SNPs) identified a significant association between IgAN and six SNPs located in the PIGR (polymeric immuoglobulin receptor) gene at chromosome 1q31-q41. One of them, PIGR-17, caused an amino-acid substitution from alanine to valine at codon 580 
Introduction
Immunoglobulin A nephropathy (IgAN; MIM161950), characterized by the deposition of immunoglobulin A at the mesangium of glomeruli (Berger and Hinglasis 1968) is the most common form of glomerulonephritis worldwide and is a major cause of end-stage renal disease. Surveys of patients with primary glomerulonephritis conducted in 1985 and 1993 by the Research Group on Progressive Renal Diseases in Japan revealed a high prevalence of IgAN and relatively poor prognosis for patients (Koyama et al. 1997 ). The rate of survival for the 502 cases of IgAN followed in that study, for which renal-related death was the end-point, was 61% at 20 years from the time when renal dysfunction was first detected. Strong evidence of a role for genetic factors in the development and progression of IgAN has come from descriptive reports of familial aggregation and from analyses of affected sib-pairs and parent-child pairs from multiple ethnic groups (Hsu et al. 2000) . Sporadic IgAN is difficult to evaluate, however, because it probably involves a combination of various genes and diverse environmental factors (Schena 1998) . We chose therefore to look for potential IgAN-susceptibility genes that might correlate with the development and/or progression of this disease.
Polymeric immunoglobulin receptor (PIGR) is an integral membrane protein on the basolateral surface of secretory epithelial cells. It mediates the transport of polymeric immunoglobulins (pIg) across epithelia, particularly dimeric IgA or polymeric IgM (Brandtzaeg and Prydz 1984) . Expression of PIGR mRNA can be detected in most human secretory epithelia, e.g., in the intestine, bronchus, salivary glands, renal tubule, and uterus (Krajci et al. 1989) . PIGR neutralizes extracellular and intracellular pathogens in mucous membranes by transporting dimeric IgA-pathogen complexes across epithelia and then excreting them via epithelial transcytosis by means of a domain known as the secretory component (SC), although the restriction site of PIGR that binds to the pIg-pathogen is not clarified completely (Mostov et al. 1984) . PIGR-knockout mice develop increased levels of serum IgA because of the interruption of the trans-epithelial transport of dimeric IgA (Shimada et al. 1999) . On the basis of these findings, one may ascribe the primary abnormalities of IgAN to the impairment of PIGR-mediated transport of IgA; therefore, PIGR represents a potential candidate for the mediation of IgA binding to mesangial cells.
Recent approaches to the discovery of disease-susceptibility genes have focused on the identification of single-nucleotide polymorphisms (SNPs) in the human genome. SNPs are likely to be useful for the identification of genes involved in complex diseases through association studies and, as such, serve as markers for various genetic analyses (Kruglyak 1999) . Because SNPs are the most frequent type of genetic variation in human DNA, we have screened gene-based SNPs on a genomewide scale to detect possible associations with susceptibility to IgAN. Earlier, we reported a case-control association study that identified SNPs in the L-and E-selectin genes on chromosome 1q24-25 as potential susceptibility factors for IgAN in the Japanese population (Takei et al. 2002) . Furthermore, we reported that the HLA-DRA locus on chromosome 6p was a susceptibility gene for IgAN in the Japanese population (Akiyama et al. 2002) . For the present work, we designed a case-control association study with approximately 80,000 SNPs found on genome-wide scans and estimated haplotypes that might serve to identify SNPs on chromosome 1q31-q41 that might be responsible for IgAN phenotypes in the Japanese population. 38.5±14.4 years) for extraction of DNA. The mean value of serum creatinine at the time of renal biopsy was 0.98±0.33 mg/dl; the mean value of 24-h proteinuria at the time of renal biopsy was 0.89±1.01 g/day. As controls, we analyzed DNA from 465 healthy Japanese volunteers (278 females and 187 males, mean age: 54.4±14.5 years). These controls were randomly selected; none showed hematuria, proteinuria, or renal dysfunction. Written informed consent was obtained from all participants, and DNA was prepared from each blood sample according to standard protocols.
Materials and methods

Materials
Screening of SNPs
SNPs in PIGR gene were screened according to methods described previously (Iida et al. 2001 ). Information about each SNP that we have discovered can be obtained from the Japanese SNP Web site (JSNP) at http://snp.ims.u-tokyo.ac.jp/.
Multiplexed polymerase chain reaction
We amplified multiple genomic fragments by using 20 ng genomic DNA for each polymerase chain reaction (PCR), as described previously (Ohnishi et al. 2001) . Sequences of the primers used in this study are available at JSNP (http://snp.ims.u-tokyo.ac.jp/). Each PCR was performed in a 20-ll solution containing 50 pmol each primer, 10 U Ex-Taq DNA polymerase (TaKaRa Shuzo, Tokyo, Japan), and 0.55 lg TaqStart (Clontech Laboratories, Palo Alto, Calif., USA) in a GeneAmp PCR system 9700 (PE Applied Biosystems). Initial denaturation was at 94°C for 2 min, followed by 37 cycles of amplification at 94°C for 15 s and annealing at 60°C for 45 s, with final extension for 2 min at 72°C.
Genotyping
We genotyped all participants for a total of 21 SNPs present in the PIGR gene (PIGR 1-21; Fig. 1 ) by means of the Invader assay, which combines a structure-specific cleavage enzyme with a universal fluorescent resonance energy transfer (FRET) system (Mein et al. 2000) . FRET probes were labeled with either FAM or VIC corresponding to each allele. Signal intensity was indicated as the ratio of FAM or VIC to ROX, an internal reference. Each total reaction volume of 5 ll contained 0.25 ll signal buffer, 0.25 ll each FRET probe, 0.25 ll structure-specific cleavage enzyme, 0.5 ll allele-specific probe mix, and 2 ll PCR product diluted 1:10. Samples were incubated in a GeneAmp PCR system 9700 (95°C for 5 min and then at 63°C for 15 min) and were analyzed on an ABI Prism 7700 sequence detector.
Immunohistochemistry for SC and IgA
Tissues from renal biopsies were fixed in 10% formalin, routinely processed, and embedded in paraffin. Paraffin sections (3 lm thick) were immunostained for SC and IgA. The avidin-biotinylatedperoxidase complex method was performed by using a Histofine SAB-PO KIT (Nichirei, Tokyo, Japan). Briefly, the sections were de-paraffinized in xylene and soaked in absolute methanol containing 0.3% H 2 O 2 for 30 min to block endogenous peroxidase activity. After being washed in phosphate-buffered saline for 20 min, the sections were incubated with antibodies overnight. The primary antibodies consisted of rabbit anti-human secretory component (1:200 dilution, DAKO, Glostrup, Denmark) and rabbit anti-IgA (1:50 dilution, Lip Sandon-Lipshow, Detroit, Mich.). The sections were treated with biotinylated anti-rabbit immunoglobulin for 30 min at room temperature and then allowed to react with peroxidase-labeled avidin for 30 min. All sections were rinsed with TRIS-buffered saline after each step. After incubation of the sections in 0.05 mol/l TRIS-HCl buffer (pH 7.6) containing 0.005% 3-3-diaminobenzidine, nuclei were stained with hematoxylin.
Statistical analysis
Genotype distributions and allele frequencies of each selected SNP were compared between cases and controls by means of the v 2 test. Significance was judged according to the guidelines of Lander and Kruglyak (1995) . Odds ratios (OR) and 95% confidence intervals (95% CI) were calculated by Woolf's method. Hardy-Weinberg equilibrium of alleles at individual loci was assessed by v 2 statistics (Nielsen et al. 1998) . Linkage disequilibrium (LD) coefficients were calculated and expressed as D¢=D/ Dmax (Devlin and Risch 1995) .
Results
We performed a case-control association study by genotyping approximately 80,000 SNPs scattered throughout the genome. When the P-value in the statistical analysis was less than 0.01, we increased the number of IgA cases. The distributions of genotypes that we observed in IgAN patients and controls did not differ from the expected frequencies under the assumption of Hardy-Weinberg equilibrium (data not shown). However, comparison of allelic frequencies in IgAN patients versus controls disclosed a significant association of the disease with one SNP present in the PIGR gene (PIGR-17 in exon 7). In view of the strong association found at this locus, we screened for additional SNPs within the PIGR gene.
Among the 20 new SNPs that we discovered within the PIGR gene, we found significant association of five more of them with the IgAN phenotype: PIGR-2 in the 5¢ flanking (promoter) region, PIGR-5 in intron 1, PIGR-9 in exon 4, PIGR-13 in intron 4, and PIGR-19 in intron 10 ( Table 1) . The most significant associations with IgAN at single SNP loci were observed for PIGR-9, PIGR-13, and PIGR-17; these three SNPs were in complete LD. The C-to-T polymorphism of PIGR-17 substitutes valine for alanine at codon 580 of PIGR, and the frequency of the minor allele (T) of PIGR-17 was significantly higher in patients with IgAN than in con- The PIGR-2 SNP (G fi T) in the 5' flanking region could affect promoter activity. The frequency of the minor T allele at the PIGR-2 locus was significantly higher in patients with IgAN than in controls (case: 18.4% vs controls: 12.4%, v 2 =11.95, P=0.00055). The OR for patients with IgAN versus controls was 1.60 (95% CI=1.22-2.08) for the minor allele versus the major allele. Pair-wise LD between each pair of all six SNPs was calculated on the basis of case and control subjects. LD coefficients among the six SNPs indicated quasi-complete LD (D'>0.9; Table 2 ).
Further analysis indicated that individuals having the TT genotype (homozygotes for the minor allele) of PIGR-17 were likely to have a higher risk of IgAN because the OR of the genotype (TT vs CC or CT) was as high as 2.71, with a 95% CI of 1.31-5.61. We compared clinical data between patients with the TT genotype and those with the CC or CT genotypes but found no significant differences with respect to age, sex, levels of serum IgA or serum creatinine, or 24-h urinary excretion of protein at the time of renal biopsy (Table 3) .
Finally, we performed immuohistological staining of polymeric immunoglobulin receptor in biopsy specimens in order to investigate a potential role of this molecule in the pathogenesis of IgAN. When sections of normal colonic mucosa were used as a positive control, strong positive staining for SC was observed in the mucosa of the colon. Although no staining was observed in any of the glomeruli in the normal kidney, positive staining was seen for SC and IgA at the mesangial area of glomeruli in patients with IgAN (Fig. 2) . When we examined immunostaining for SC on a total of nine speciemens (about three of each genotype), SC deposition were detected in all nine speciemens (100%). However, no significant correlation for staining of SC was determined with genotyping.
Discussion
We have demonstrated here a significant association of six SNPs in the PIGR gene with IgA nephropathy. IgAN is a complex disorder whose etiology involves immuno- logical, environmental, and genetic factors (Hsu et al. 2000) . Gharavi et al. (2000) have reported a genomewide analysis of familial cases, but the great majority of patients with IgAN have no apparent familial history. Hence, most of the genetic investigations reported to date on IgAN have been association studies that have searched for susceptibility genes in a given population. Our study is the first to report a whole-genome association study; this appears to have been an efficient approach for identifying major susceptibility genes for this disease in the Japanese population. We found significant association between IgA nephropathy and homozygotes for minor alleles at six SNP loci in the PIGR gene: PIGR-2, PIGR-5, PIGR-9, PIGR-13, PIGR-17, and PIGR-19. These showed strong LD with each other. Among them, PIGR-17, which substitutes valine for alanine at codon 580, and PIGR-2, which is located in the promoter region, are likely to influence the quality or the quantity of the gene product. Haplotype analyses for SNPs that may affect gene products often increase the significance of associations; however, since the two SNP loci in question showed only quasi-complete LD (data not shown), analyses of this particular two-locus haplotype (PIGR-2 and PIGR-17) yielded no increase of significance in comparison with our single-locus tests. Increases in serum IgA levels have been observed in 50%-70% of IgAN patients (Lopez-Trascasa et al. 1980) . Elevated serum IgA, particularly when associated with mucosal infections, such as respiratory pathogens and dietary components, suggest that mucosal immunity might play a critical role in the pathogenesis of this disease (Suzuki et al. 1990 ). Activation of the mucosal immune system presumably increases the production of polymeric IgA (pIgA) in the bone marrow (De Fijter et al. 1996) . Indeed, up-regulation of pIgA synthesis in the bone marrow and an increase of pIgA-producing plasma cells have been described in patients with IgAN (Harper et al. 1996; Van den Wall Bake et al. 1988) .
PIGR encodes a type I transmembrane protein with five immunoglobulin superfamily-homology domains constituting its N-terminal extracellular region, a single membrane-spanning region, and a short cytoplasmic C-terminal tail. The extracellular ligand-binding portion (from amino acid 550 to amino acid 764 in human PIGR), known as the secretory component (SC), is proteolytically cleaved from the apical surface of epithelial cells and released together with polymeric immunoglobulins such as dimeric IgA or tetrameric IgM. Association with SC is believed to protect IgA from degradation by bacterial proteases (Kilian et al. 1983) . In the present study, we found a significant increase in the frequency of valine alleles at codon 580 in IgAN patients and assume that 580V-PIGR affects the binding of pIgA-PIGR, decreases the cleavage and production of SC, and then elevates the serum IgA level. However, since we discerned no relationship between this polymorphism and serum IgA levels, we speculate that the mechanism of serum IgA elevation in IgAN patients is likely to be complex and cannot be explained by the alteration of a single factor.
Although functional studies with biochemical and cellular-biological techniques will be required to clarify the relationship between the genetic variations reported here and IgAN, the results of our genetic investigation suggest that an allele conferring susceptibility to this disease lies within or close to the PIGR locus on chromosome 1q31-41. Suzuki S, Kobayashi H, Sato H, Arakawa M (1990) 
